Rabbit antibodies show unique structural characteristics in that kappa chains have an interdomain disulfide bond between the variable and constant domains. Here we characterized this disulfide bond from physicochemical viewpoints both in stability and affinity. It was revealed that the disulfide bond contributed to the thermal stability of the antibody, but the affinity and mechanism of antigen recognition was not altered by the mutation. The present result expands the understanding of how rabbit antibodies with kappa light chains gain affinity under characteristic mechanism to gain thermal stability, and would give suggestions for the methods to artificially stabilize antibody molecules.
Introduction
The structure and the stability of immunoglobulin molecules are critically dependent on the classes and subclasses of the immunized host animals. The use of a rabbit host has many advantages such as high-yield production of antibodies and efficient response to small epitopes (Mage et al., 2006; Ozawa et al., 2012) . Moreover, the chance to obtain high-affinity antibodies is empirically higher when compared to rodents (Rossi et al., 2005; Mage et al., 2006; Ozawa et al., 2012) . Structurally, the rabbit has only one gamma immunoglobulin (IgG) isotype for the heavy chain, with~80-90% VH1 germline usage for the variable region. On the other hand, light chains are diverse with four kappa allotypes of b4, b5, b6 and b9 in addition to lambda chains (McCartney-Francis et al., 1984) . Thus, the light chain diversity provides the major structural elements that dominate the stability of rabbit immunoglobulin molecules. One of the structural features unique to rabbit kappa chains is the disulfide bond which links the variable (Vκ) and the constant (Cκ) domains of all kappa chain allotypes, between Cys80 and Cys170 (according to Kabat numbering) (Kabat et al., 1991) (Fig. 1a) . The existence of this disulfide bond has long been suggested from the primary sequence and topology (McCartney-Francis et al., 1984; Steiner, 1985) , and has been observed in several crystal structures in recent reports (Arai et al., 2012; Pan et al., 2013) . The role of this disulfide bond in enhanced stability has been speculated; however, there have been no experimental approaches to verify this, especially from physicochemical viewpoints. It is also important to understand how this disulfide bond contributes to affinity. Herein, we analyzed the roles that this disulfide bond plays in both IgG stability and antigen interaction. Using three monoclonal IgGs with kappa-b4 light chain allotypes, these roles were revealed by mutagenesis to remove the two cysteines (the product is named as IgG-AA; Fig. 1c ). Parameters of thermal stability and binding activity of IgG-AAs were compared with those of IgG using differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC) with the antigen (Ser473-phosphorylated Akt peptide).
Materials and Methods

Production of rabbit IgG
The genes encoding rabbit immunoglobulins were chemically synthesized (Genewiz, NJ, USA) followed by subcloning into pcDNA3.4 using In-fusion cloning kit (Takara Bio, Shiga, Japan). For the removal of cysteines in the kappa chains, mutagenesis using PrimeSTAR Max DNA Polymerase (Takara Bio) was conducted. IgGs were produced using Expi293 expression system (Thermo Fisher Scientific, MA, USA) by co-transfection of two vectors encoding heavy and light chains, respectively. IgGs were isolated by protein A affinity chromatography using rProtein A Sepharose Fast Flow (GE Healthcare, IL, USA) followed by the final purification by size-exclusion chromatography (SEC) using HiLoad 16/600 Superdex 200 pg or HiLoad 26/600 Superdex 200 pg column (GE Healthcare). The concentration of antibodies and the antigen peptide were determined by the absorbance at 280 nm.
Measurement of thermal stability
Thermal stability of antibodies was determined by DSC at the concentrations of 12-30 μM in phosphate buffered saline (PBS). Data collection was performed in a VP-Capillary DSC instrument (Malvern Instruments, UK) at a scanning rate of 1.0 or 0.33°C min −1 between 20 and 100°C. Rescans were conducted in standard protocol provided by the manufacturer.
Measurement of binding activity
The thermodynamic parameters of the interaction between antibody and antigen were examined by isothermal titration calorimetry (ITC) in an iTC200 instrument (Malvern). Antigen peptide (ArgPro-His-Phe-Pro-Gln-Phe-pSer-Tyr-Ser-Ala-Ser: pSer represents phosphoserine) was chemically synthesized (Scrum Inc, Tokyo, Japan). To the solution of antibody (A4, G11: 2 μM, A3: 3 μM) in the cell, 1.5 μL of the solution of antigen peptide (A4, G11: 40 μM, A3: 60 μM) was titrated per injection for 25 times at the interval of 160 s with the stirring rate at 1000 rpm. The measurements were conducted in PBS at 25°C. Measurements were performed three times in the same procedure.
Data analysis
Both DSC and ITC data were analyzed by Origin 8.0 (Originlab Corp., MA, USA). For the DSC measurements, the analysis was conducted in non-two state model with two denaturation processes. For the ITC measurements, the analysis was conducted as 1:1 binding model.
Results
Production of antibodies
Rabbit antibodies were originally generated by immunization followed by phage display of Fab region of the immune library. Three clones were selected as specific binders. From the primary sequences, the conserved cysteine residues to form the disulfide bond were found in all three IgGs (Fig. 1b) , which was optimal for the analysis of the bond. To produce IgG-AA, Cys80 and Cys170 were substituted into Ala by site-directed mutagenesis. IgG and IgG-AA were produced successfully by the method described above, and >90% purity of protein A eluate was confirmed by SEC ( Fig. S1 in Supplementary Materials). IgG and IgG-AA elution curves from SEC were nearly identical, suggesting that mutagenesis did not dramatically impact the overall structure. Analyses below were conducted after final purification by SEC. Purity of the antibodies was confirmed by SDS-PAGE (Fig. S2 ).
Thermal stability of IgG and IgG-AA
Thermal stability of the IgG molecules was analyzed by the DSC melting curves (Fig. 2 , dotted lines; see Table I for the parameters) with the scanning rate at 1.0°C min −1 . For A4 and G11 IgGs, the denaturation of all domains overlapped, with the onset melting temperature at around 65°C. Because the melting curves were asymmetric, non-two state fitting with two curves was conducted (the curve fitting is presented as Fig. S3 in Supplementary Materials). Apparent melting mid-temperatures (T m 's) were 73.6 and 76.8°C for A4 IgG. G11 IgG also showed two T m 's with the gap of 3°C (Table I) . On the other hand, A3 IgG clearly showed multi-step denaturation. The fitting was satisfactory when modeled as three melting processes of different domains (Fig. S3) , as generally observed in human and mouse IgG1 (Chennamsetty et al., 2009) . Denaturation curves of IgG-AAs are plotted as solid lines in Fig. 2 . Interestingly, A4 and G11 IgG-AA clearly showed two distinct denaturation steps. For A4 IgG-AA, T m 's were equal to 69.3 and 76.9°C for the two steps. The first step T m was 3.7°C lower than that of A4 IgG, while the second one was unchanged. G11 IgG-AA exhibited almost the same changes with a decrease in the first step T m of 6.5°C, to give T m 's of 68.7 and 77.5°C (Table I) . Similarly, when the T m 's from the three-step melting model were compared, the first and second T m 's of A3 IgG-AA were~3°C lower than those of A3 IgG, with the third T m unchanged. For all three rabbit IgGs, these results suggest that Fab (and perhaps CH2) was structurally stabilized against heat by the disulfide bond, while the state of the CH3 domain (corresponding to the domain with the highest T m ) was left unchanged. These results provide experimental evidence that the disulfide bond in kappa chains stabilizes rabbit IgGs.
Rescan of the thermal denaturation of once heat-denatured and cooled proteins showed no exotherm and the full sequence of the denaturation process was irreversible both in the case of IgG and IgG-AA ( Supplementary Fig. S4 ). Furthermore, when the heating rate was decreased to 0.33°C min −1 , the onset temperature of the denaturation decreased by 10°C and T m was also reduced by~3°C in case of G11 IgG and IgG-AA ( Supplementary Fig. S5 ). The reduction of T m was larger for the first denaturation of IgG-AA than the other peaks. The results suggest the contribution of kinetic stabilization of the domains in the presence of the disulfide bond. The mechanism of thermal stabilization in kinetics is also reflected in the apparent calorimetric unfolding enthalpy (ΔH m ) calculated from melting curves (Table I) . For all the three antibodies, ΔH m was almost the same for IgG and IgG-AA. This result suggested that thermal stabilization by the disulfide bond was not the consequence of enthalpically favored changes. In view of the structure, this indicated that the folded states of each domain of the antibodies as well as inter-domain contacts were not much affected by the presence or the absence of the disulfide bond (Robertson and Murphy, 1997) . Hence, thermal stability of IgG compared to IgG-AA was simply due to linking the domains to affect the kinetics and the entropy changes.
Binding activity of IgG and IgG-AA with the antigen
The binding activities of rabbit IgG and IgG-AA to the antigen were analyzed by ITC (Fig. 3 and Fig. S6 in Supplementary Materials). The thermodynamic parameters obtained are shown in Table II . The reaction stoichiometry was around 0.75 for all the experiments, probably due to the insufficient precision in the determination of the concentration of the antigen peptide. Because this is consistent among the measurements, we assumed that this did not affect the present analysis to compare IgG and IgG-AA. The dissociation constants of A4 IgG and IgG-AA with the antigen were 2.94 and 3.43 nM, respectively. The difference was very slight and within experimental error. Interestingly, difference in the enthalpy change (ΔH°) was also very small. It was indicated that the disulfide bond did not affect the interaction with the antigen. The same tendency was observed in G11 and in A3 (Table II) . It was suggested that there was very small effect of the disulfide bond on the interaction with the antigen. 
Discussion
This unique rabbit kappa chain disulfide bond has already been discussed in some reports (Arai et al., 2012; Pan et al., 2013) . Mainly, the bond was discussed in terms of the restriction of flexibility and the stabilization the Fab region based on structural information (Arai et al., 2012) . In one of the reports, the contribution of the bond to antigen affinity by the reduction of entropic loss in the interaction is inferred (Pan et al., 2013) . However, we found by physicochemical analyses that this disulfide bond plays a role in only IgG stabilization and not in antigen interaction. In addition to possessing similar affinities, little difference between IgG and IgG-AA was observed in the enthalpy or entropy change of the antigen interaction. These results suggested that this disulfide bond did not dramatically affect the structure of the antibodies, and did not affect the antigen interaction mechanisms including non-covalent bond formation (mainly reflected in ΔH°), hydration and change in the flexibility (mainly reflected in −TΔS°) (Fig. 3 and Table II ). This was consistent with the unchanged folding and inter-domain contacts suggested by ΔH m in the thermal denaturation experiment. Thermal unfolding of immunoglobulin molecules generally accompanies irreversible aggregation (Vermeer and Norde, 2000; Brader et al., 2015) . In our analysis, it was demonstrated by rescan that whole thermal denaturation process was irreversible ( Supplementary Fig. S4 ). Stabilization by disulfide bond thus could either be thermodynamic stabilization of any of intermediate reversible steps or kinetic stabilization of the whole irreversible process. Further analysis of G11 IgG and IgG-AA in differed scanning rate revealed that denaturation started earlier when the scanning rate was smaller (Supplementary Fig. S5 ). T m was also reduced, and the changes were larger for IgG-AA than IgG. This suggests that kinetic stabilization mainly contributes to the thermal stability of the rabbit antibody. Here, inter-domain disulfide bond would disturb the initial step of denaturation, which could work as energetic barrier for unfolding. Because aggregation of denatured proteins can be fast enough, changes in the kinetics of the step would lead to kinetic stabilization irrespective of thermodynamic stabilization (Sanchez-Ruiz, 2010) . The result of the present work would help engineering antibodies stable against high temperature. For example, chimera and humanized rabbit antibodies have been analyzed (Malia et al., 2014; Adams et al., 2016; Bujotzek et al., 2016) , but the disulfide bond was removed in these studies. It is indicated that the restoration of this disulfide bond could improve their thermal stability. Other than rabbit antibodies, the introduction of an intramolecular disulfide bond for stabilization has been conducted in various approaches, especially in the case of variable fragments (Reiter et al., 1994; Saerens et al., 2008; Zhao et al., 2011; Kim et al., 2012) . As the validity of this naturally occurring rabbit kappa chain disulfide bond has been clearly shown, a similar stabilizing disulfide bond could be efficiently incorporated to other antibody (sub)classes with high topological similarity.
In summary, the disulfide bond that links Vκ and Cκ in rabbit antibodies was shown to improve their thermal stability. Contrary to previous assertions, no apparent effect was observed to the interaction with the antigen when the bond was removed. This result can greatly contribute to the understanding of rabbit IgG antibodies as well as help guide the engineering of stabilized antibodies for clinical development.
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